We fabricate 17-µm-thick Al foil/n-4H-SiC Schottky junctions by surface-activated bonding. Their current-voltage and capacitance-voltage characteristics are compared with those of Schottky junctions fabricated by evaporating Al layers on n-4H-SiC epilayers. We find that the ideality factor of Al foil/SiC junctions is larger than that of conventional junctions, which is due to the irradiation of the fast atom beam (FAB) of Ar. The ideality factor of Al foil/SiC junctions is improved by annealing at 400°C. We also find that the Schottky barrier height is increased by FAB irradiation, which is likely to be due to the negative charges formed at SiC surfaces.
Introduction
4H-SiC has the potential as vital parts of low-loss, hightemperature, high-frequency, and high-power devices owing to its superior electrical and physical properties. [1] [2] [3] Recently, SiC power devices and modules have become available in the market. The advantages of SiC, however, have not yet been fully exploited in these devices and modules. New technologies for soldering and attaching dies such as nano-or microparticle pastes or solders have been explored so as to realize their operations at high temperatures. [4] [5] [6] [7] Interconnections with lower parasitic inductances have also been investigated. 8, 9) Using surface-activated bonding (SAB) technologies, 10, 11) dissimilar materials are firmly attached to each other after their surfaces are irradiated with the fast atom beam (FAB) of noble gases such as Ar. Various junctions such as Si= GaAs, 12, 13) Al=Al, 14, 15) Cu=Cu, 16, 17) Si=SiC, 18, 19) and Al=Si 20) systems were reportedly fabricated by SAB. These junctions were applied to solar cells, three-dimensional integration, packaging, and new power devices. We previously fabricated InGaP=GaAs=Si 21) triple-junction solar cells and 4H-SiC= Si 22) heterojunction bipolar transistors by SAB. Al has widely been used for contacts and interconnections in semiconductor devices and circuits owing to its low resistivity. The thickness of Al films fabricated by conventional methods such as evaporation, sputtering, and electroplating determines the period of process and hence the cost. Such Al films, consequently, may not be useful for interconnects in power devices and modules that are required to handle large electric powers. On the assumption that ultrathick metal junctions on semiconductors could provide a solution for this problem, we previously fabricated Al foil=Si junctions by SAB and examined their possibility as contacts and interconnects. 23) We have recently found that Al foils bonded on n-4H-SiC layers worked as Schottky contacts. 24) In this paper, we examine the electrical properties of Al foil= 4H-SiC junctions in comparison with Schottky junctions fabricated by evaporating Al films with the emphasis on the effects of annealing. Junctions fabricated by evaporation after irradiating the surfaces of SiC layers with the FAB of Ar are also characterized.
Experimental methods
We prepared SiC epitaxial substrates by successively growing 0.3-µm-thick n + -doped buffer layers (1 × 10 18 cm −3 ) and 6-µm-thick n-doped (1 × 10 16 cm −3
) layers on n + -doped 4H-SiC(0001) substrates. Ohmic contacts were formed on the back sides of SiC substrates by evaporating Al=Ni=Au multilayers and annealing at 1000°C for 1 min in N 2 ambient. Then, 17-µm-thick Al foils were bonded to the surfaces of SiC epitaxial substrates by SAB. A Schottky junction, or Junction (A), was obtained by the photolithography and wet etching of the Al foils.
We also fabricated a conventional Al=SiC Schottky junction, or Junction (B), by evaporating Al=Ni=Au multilayers and the lift-off process. In addition, we fabricated another type of Schottky junction, Junction (C), by evaporating the multilayers after irradiating the surfaces of SiC epitaxial substrates with the FAB. The FAB irradiation conditions in preparing Junctions (A) and (C) were similar to those in our previous work.
23 ) The schematic cross sections of the respective junctions are shown in Fig. 1 .
The current-voltage (I-V ) and capacitance-voltage (C-V ) characteristics of the as-prepared junctions were measured at room temperature by using an Agilent B20982A and an Agilent E4980A, respectively. These characteristics were also measured after the junctions were annealed at 400°C for 1 min in N 2 ambient. In addition, the dependences of the I-V characteristics on the ambient temperature were measured after annealing. by 0.21 eV. We found that the SBHs and turn-on voltages correlated with each other. The SBHs of the respective samples are shown in Table II .
Characteristics after 400°C annealing
The I-V characteristics of the three junctions after annealing are shown in Fig. 5 . The turn-on voltage, ideality factor, and reverse-bias current at −6 V were 0.59 V, 1.31, and 5.9 × 10 −6 A=cm 2 , respectively, for Junction (A). They were 0.28 V, 1.21, and 6.5 × 10 −5 A=cm 2 for Junction (B), and 0.61 V, 1.28, and 6.7 × 10 −6 A=cm 2 for Junction (C), respectively. The parameters characterizing the respective I-V curves are also shown in Table I . The ideality factors and reverse-bias characteristics of the respective samples were improved by annealing. The humps were less pronounced in the I-V characteristics of Junctions (A) and (C) after annealing.
The I-V characteristics under forward bias voltages at various temperatures between room temperature and 200°C are shown in Figs. 6(a)-6(c) . We obtained the saturation current J 0 = lim V→0+ J(V ) by least-squares fitting at each temperature. The relationship between ln(J 0 =T 2 ) and 1=kT, or Richardson's plot, is shown in Fig. 7 . We found that ln(J 0 =T 2 ) almost linearly depended on 1=T. The SBH, which was estimated from the slope of the relationship, was determined to be 0.84, 0.66, and 0.89 eV for Junctions (A), (B), and (C), respectively. These results are summarized in Table II.  The 1=C 2 -V characteristics of the respective junctions are shown in Fig. 8 . The flat-band voltages of Junctions (A), (B), and (C) were found to be 1.16, 0.77, and 1.07 V, which corresponded to the SBHs of 1.37, 0.98, and 1.28 eV, respectively. The SBHs of the respective samples are also shown in Table II .
Discussion
As is seen from Table I, among the three types of junctions, the ideality factors of Junctions (A) and (C) were larger (worse) than that of Junction (B). This result indicates that traps were introduced on the surfaces of n-SiC layers during FAB irradiation. This view is consistent with the occurrence of humps in the I-V characteristics of Junctions (A) and (C) before annealing.
By annealing at 400°C, the ideality factors were improved, the humps for Junctions (A) and (C) were not observed, and the reverse-bias currents of the respective junctions were lowered. These results suggest that the impact of FAB irradiation was slightly recovered by annealing. Table II shows that the SBH extracted from Richardson's plot was smaller than that obtained from the 1=C 2 -V characteristics by ∼0.3-0.5 eV. Similar results are often obtained in Schottky and one-sided heterojunction diodes. 25, 26) It is understood that the SBH is spatially inhomogeneous [27] [28] [29] and the SBH obtained from the 1=C 2 -V characteristics corresponds to the barrier height averaged over the entire junction. In estimating the SBH from the current measurements, in contrast, the contribution of the lowerSchottky-barrier parts is more marked. The difference in SBH measured in the two methods was likely due to the spatial inhomogeneity of barrier height.
The turn-on voltage and SBH of Junction (A), which were close to those of Junction (C), were in disagreement with those of Junction (B). This implies that similarly to the case of ideality factors, the difference between these parameters was attributed to FAB irradiation; it is assumed that, by FAB irradiation, midgap states were formed on the surfaces of n-SiC layers and negative interface charges were produced as predicted using the charge-neutrality-level model. 30) Such negative interface charges were likely to play a role of increasing the SBH.
We previously examined the effects of FAB irradiation energy on the electrical characteristics of Si Schottky diodes.
31) The previously obtained results indicated that the SBH of n-Si Schottky diodes decreased with FAB irradiation, which was contrary to the variation in SBH observed for n-4H-SiC in the present work. The disagreement in the SBH trend between SiC and Si suggests that the features of interface states formed in the respective materials by FAB irradiation are different. Thus, systematic works using other metals are required.
The SBH of Junction (C) decreased owing to 400°C annealing, although those of Junctions (A) and (B) increased. The changes in the SBHs of Junctions (B) and (C) qualitatively agreed with those in the turn-on voltages of the two junctions. The increase in the SBH of Junction (A) due to annealing disagreed with the behavior of its turn-on voltage. Such complicated changes in SBH might be related to the possible variations in both the density of states and the charge neutrality level due to annealing.
A reported relationship 32) between the SBHs and work functions of Ti, Ni, and Au deposited on the Si faces of 4H-SiC layers is shown in Fig. 9 . The results obtained from the 1=C
2 -V characteristics of junctions after 400°C annealing are also shown in this figure. We find that the SBH of Junction (B) agrees with the trend of the other metals, although the SBHs of Junctions (A) and (C) deviate from it. This result also supports the view that additional negative charges were formed at the interfaces of Junctions (A) and (C).
The larger ideality factor for Junction (A) than for Junction (B) suggests that the characteristics of Schottky diodes fabricated by SAB are not comparable to those of Schottky diodes prepared by conventional methods. Consequently, the conditions of SAB and the process after SAB should be optimized so as to realize Schottky diodes with acceptable characteristics.
Conclusions
We fabricated 17-µm-thick Al foil=n-4H-SiC junctions by SAB. Their electrical properties were compared with those of Al=SiC Schottky junctions fabricated by evaporating Al films. Junctions fabricated by Al evaporation after irradiating SiC surfaces with the FAB of Ar were also characterized. We observed Schottky-like features in all of the fabricated junctions. The SBH of junctions with the irradiated SiC surfaces was larger than that of junctions fabricated without FAB irradiation and did not agree with the SBH trends of other metals evaporated on SiC. These results were explained by considering the negative charges introduced at the surfaces SiC when they were irradiated with the Ar FAB. We also found that the ideality factors of junctions were degraded by FAB irradiation and were slightly recovered by annealing. The results suggested that SAB and post-bonding should be optimized.
